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Abstract

Class A sodalites of the composition NagX2(SiAlO4)s were synthesized hydrother-
mally (X = CI, Br’ 2t ). AgN03 melt and hydrothermal aqueous exchanges were
used to replace Na ions by Ag * ions. The sodalite precursors and products were
studied by chemical analysis, powder XRD, mid- and far-IR, multinuclear MAS
and DOR NMR and optical reflectance spectroscopy. The structures of selected
precursors as well as partially and fully silver exchanged sodalites were determined
by Rietveld refinement of high resolution powder X-ray data. The unit cell sizes
depended on the type and loading of cation and anion. Combined results from the
above techniques indicated that a solid-solution structure of cages | with different
cation contents was formed. Organized assemblies of NunAan3 clusters con-
sisting of the components of insulators (NaX) and semiconductors (AgX) were
encapsulated by the cubic sodalite framework which forms perfectly periodic arrays
of all-space filling 6.6 A cages. The concentration and identity of cations and nature
of the anion controlled the extent of vibrational and electronic coupling between
clusters. Vibrational coupling was strongly mediated by the anions. Electronic
interaction was possible through the framework (Na, Ag) or directly (Ag). Ex-
tended Hiickel molecular orbltal calculations supported the xdea of band formation
for an extended Na4.nAan cluster lattice atincreasing Ag * loadings. They also
aided in the assignment of the optical spectra. The calculations indicated that
electronic transitions existed between clusters and the framework.

To be submitted as a Paper to the Journal of the American Chemical Society.
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Introduction

Sodalites allow one to create organized assemblies of clusters consisting of the com-
ponents of insulators, semiconductors or metals, inside a host material composed of single size
bec packed cuboctahedral cavities!™,

Inideal Class A sodalites!, each cage is filled with an MaX or MaN4-oX (n = 0-4) cluster,
where M and N refer to monovalent cations, such as Na *or Ag"', and X is one of the halides
(CT, Br,, I). This paper reports details of the sttuctural, electronic and optical properties of
Class A sodalites.

Rietveld Structure

Rietveld methodology was used to successfully refine many of the sodalite structures
presented in this study. The success with sodalites can be partially attributed to the relatively
simple, highly symmetric, static structure of sodalites that yields diffraction patterns with
minimal peak overlaps . A typical example of an observed powder pattern, a pattern calculated
by Rietveld refinement and the difference between the two is shown in Figure 1. Pauling’s
structure of sodium chlorosodalite® and more recent sodalite refinements’”> provided suitable
starting models. The reader is referred to several good recent reviews of Rietveld methods'®
13

The crystal structure of NaCl-SOD was first solved by Pauling in 1930°. Since then
structures have been determined by refinement or calculation for the following sodalites:
LiC1-SOD*, NaCl-soD™*Y, KCl-SOD*, NaBr-SOD'®Y, Nal-sOD*17, NaOH-
SODS’IS, N a[]-SODlg’m, as well as for the related compounds noseann, lazuritezz, a gallium
sodalite®, silica sodalite?* and a number of aluminate sodalites?’. Class A sodalites have
the composition Ms-2nN2aX2-SOD, where X = CI', Br" or I and M, N are monovalent cations
(Na*, Ag™). These structures are based on the NaCl-SOD archetype. Having a charge of -3,
each sodalite cage contains an anion at its center and four monovalent cations tetrahedrally
disposed around it. The cations are coordinated fourfold, being within bonding distance to
the halide ion and three framework oxygens. Figure 2 shows an individual sodalite cage with
an MeX>* cluster. The coordinates, fractional occupancies, isothermal temperature factors




and selected bond lengths, obtained from Rietveld refinements of the silver sodalites, are
provided as Supplementary Material. All sodalite structures studied here were refined using
NaCl-SOD with space group P43n as an archetype and starting point. Table 1 lists the
structural parameters of Class A sodalites.

Framework

The sodalite framework consists of alternating AlO4> and SiO4* units with a Si/Al ratio

of 1 (typically determined as 0.98 - 1.11 by chemical analysis). These tetrahedral units form a

cuboctahedral cage composed of eight six-rings and six four-rings. The Si and Al atoms of a

given ring are coplanar. The O atoms alternate above and below the plane. The Si and Al

' atoms occupy special positions (Wyckoff sites (¢) and (d) in the P43n space group #218)28,

while the O atoms lie on general positions (Wyckoff sites (i)). A reductionin the Al-O-Siangle

tends to displace the framework oxygen towards the center of the sodalite cage (decreasing
oxygen y-value).

The oxygen x- and z-coordinates are similar in magnitude y'et different enough from each
other to indicate that the Si and Al atoms are ordered. This agrees with results of Bsi NMR
that showed only one Si resonance. In a sample with Si/Al disorder one would expect the

oxygen x- and z-coordinates to be identical, which would lead to the space group I[43m. This .

was used by Beagley e al. to refine NaI-SOD*,

The Al-O and Si-O distances fell in the ranges from 1.70 - 1.74 A and 1.57 - 1.63 A)
respectively, i.e., in the usual ranges of bond distances reported for sodalites (e.g., for sodalite
Al-O = 1742 A, Si-O = 1.620 A)®. Weller and Wong® noted variations in the Si-O bond
length of a series of sodalites, from 1.63 to 1.67 A. The O-Al-O and O-Si-O angles deviate
only slightly from the tetrahedral angle, by ca. + 5°. For a fully expanded framework composed
of ideal tetrahedra the Al-O-Si angle should be 160.5° . In the Class A sodalites synthesized
in this study the Al-O-Si angle varied from 138 to 151°. For the alkali halosodalite series this
angle typically increases with the unit cell size (e.g., in the series LiCl-SOD/NaCl-SOD/KCl-
SOD: ao = 8.44/8.88/9.25 A, a = 125/138/155°%; or for NaCl-SOD/NaBr-SOD/Nal-SOD: aq
= 8.88/8.93/9.01 A, 2 = 138/141/145°), although there is no strict correlation between these
two parameters when silver and sodium sodalites are compared (e.g., for NaCl-SOD/AgCl-
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SOD: a, = 8.88/8.87 A, @ = 138.1/140.6°; or for Nal-SOD/AgI-SOD: 20 = 9.01/8.95 A, @ =
145/151°; or for NaBr-SOD/AgCI-SOD: ao = 8.93/8.87 A, @ = 140.6/140.6%).

Based onageometrical sodalite model’, the unit cell edge theoretically ranges from 8.141
A 109317 A. It depends on the identity, size and number of inter-framework constituents, as
well as on the temperaturels. Henderson and 'I'aylor31 derived empirical formulas relating
the cell edges of aluminosilicate sodalites to the mean sizes of the cavity cations and anions.
The dependence of the lattice dimension on the anion radius is demonstrated by the cell edges
for sodium chloro-, bromo- and iodosodalites (a = 8.880(3), 8.936(3), and 9.011(3) A
respectively)32. The cell edge increases with increasing average radius of the cage anions. The
variation of lattice parameters can be explained by taking into account that the flexible sodalite

* framework adapts itself to the sizes and to the shapes of the cage ions>.

The flexibility of the sodalite framework arises from the fact that TO4 tetrahedra can be
tilted by cooperative rotations about the  axes, which results in bending of the Si-O-Al
angles”m’“. Depmeier distinguishes between isotropic folding, where the tilt angle has the
same absolute value for all tetrahedra, and non-cubic anisotropic folding which occurs in some
aluminate sodalites?, Tetrahedron-edge-length distortions provide a further means of releas-
ing strains imposed by geometrical constraints. According to Depmeicr’o the extent of
distortion rises with the aluminum content in a series of aluminosilicate frameworks. The ring -
openings depend on the T-O-T angles”, as well as on the rotation™ or tilt of the TO4 building
units’®. An increase in temperature also causes an expansion of the unit cell, and the ring

dimensions.

The unit cell size of Class A sodalites varies with the type of halide and the types and
relative concentrations of cations present, Table 1. The halide effect is mainly a space-filling
effect, the large anion causing an expansion of the sodalite cage.

Replacement of Na™ by Ag* causes a contraction of the cage. Figure 3 shows thatina

series of sodium, silver bromosodalites the unit-cell size decreased slightly as the silver

concentration was increased, forming a tighter, more covalent bond between the guest cation
and the central anion (4-coordinate r(Na*) = 1.13 A, r(Ag*) = 114 A)37. At silver
concentrations at which most cages contained at least one Ag ™ ion (at loading levels greater




then 2.5 - 3 Ag */u.c. additional silver resulted in weakening of the Ag-X bond, preventing
further contraction of the unit cell. Abrupt changes or discontinuities can be observed in unit
cell size versus composition plots at certain compositions if either a change in symmetry of the
solid solutions or a change in the solid solution mechanism occurs®, Taking into consideration
that Setter and Depmcier33 observed an almost linear increase in the unit cell edge with
average ionic radius of the cage cations, and that the Na * and Ag * ions have virtually identical
radii, the observed behavior is best explained by considering the more covalent bonding of
Ag ™ with the central halide. This strong interaction results in shortening of the Ag-X distances
‘_gompared to NaX and an increase in the Ag-O (framework) separations. One is therefore
justified in calling a sodalite-encapsulated Ag4X3+ unit a cluster, in spite of its interaction
)—vith the framework.

It is interesting to note, that at loading levels near 2.5 - 3 Ag* /u.c. an abrupt break in
magnitude occurred not only for the unit cell edges of the cubic sodalite cage, but also for the
peak positions of far-IR absorptions associated with a translational mode of Na™ near the
sodalite 6-ring site®, Figure 3. Both effects may be related to a percolation threshold for
connectivity between AgBr units. The unit cell size effect has been described above. In the
case of Na* far-IR absorptions, at lower concentrations the translatory frequency remains
essentially constant, but decreases at higher concentrations when the proportion of cages
containing more thanone Ag* increases. Our present hypothesis is that at low concentrations
the AgBr molecules act as isolated defects having no effect on the Na + translatory vibrations.
Above percolation threshold loadings the Ag * ions must be considered part of the whole unit
cell for the vibrational problem, and, because of their weaker interaction with the support
compared to sodium, reduce the vibrational frequency of the Na * modes. In contrast to the
translational modes in the far-IR, the frequency of the aluminosilicate framework vibrations
(mid-IR) varies linearly with the silver concentration, see Figure 3.

Anion and Cation Guests

The halide anion has approximately spherical symmetry and always occupies the center
of the cage. (In contrast, in NaOH-SOD, a Class B sodalite, the OH' is at the center only in
the dehydrated sodalite, but shifts away from this position after the introduction of the first




H20 molecule into the cavity‘o.) Judging from the isothermal temperature factors, its vibra-
tion encompasses an amplitude of ca. = 0.2 A. (for NaCl-SOD VUiso = 0.155-0.165 A, for
NaBr-SOD vUiso = 0.220 A, for AgCI-SOD vUiso = 0.168 A, for AgBr-SOD vUiso = 0.162

A, for Agl VUiso = 0.190 A). (Note that Uiso = U?is the mean square displacement from the
equilibrium position, Le., the mean square amplitude of the atomic vibration in Az.)

The cation is placed at a threefold axis near half of the sodalite six-rings at anx=y=z
position. The locationx =y = z = 0.25 is at the center of the six-ring. In Class A sodalites
"X 'varies from 0.165 (AgCl-SOD) to 0.198 (Nal-SOD), following the order AgCl-SOD <
AgBr-SOD < LiCl-SOD < NaCl-SOD < Agl-SOD < NaBr-SOD < KCI-SOD- < Nal-SOD.

As the radius of the halide increases, the cation is placed relatively closer towards the six-ring
(spatial effect). For a given halide, sodium ions tend to be closer to the six-ring than silver
ions. The larger potassium ion moves even closer to the six-ring, at the same time "forcing”
the six-ring atoms apart, thus yielding a larger unit cell.

The amplitudes of atomic vibration (VUiso) for Ag fell in the range 0.169 A, 0.163 A,
0.150 A for Cl, Br and I, respectively. They were fower (0.141 A) for Br at low Ag-loadings.
The results imply that in AgI-SOD the Ag ™ ion vibrates less, as it is more tightly locked into
its position (spatial restraint). In the case of the samples with low Agloading, the Ag * is more
highly associated with the Br anion and vibrates less. The fact that Uiso is high for Br in these
samples simply means that most of the Br anions behave like Br in NaBr-SOD (which also has
a high Uiso value), and that these Br’s dominate. (Note that only the average Uiso values were
calculated for Br in mixed sodium/silver samples.) The Br associated with Ag may still be
relatively less mobile.

Table 2 lists the cation-anion, cation-oxygen, and silver-silver distances in halosodalites,
in addition to theoretical values>’ as well as bond lengths in bulk and gas phase silver halides.
The silver halide distances inside the sodalite fall between those of the vapor phase molecules
and the bulk semiconductor solids. In fully Ag-exchanged halosodalites the Ag-X distances
areca. 8 % shorter than in the rock salt bulk materials. Silver-halogen bond lengths for related
clusters also appear in Table 2. The Agl-distances in AgI-SOD compare remarkably well with
other cluster species, as well as with bulk Ag-I species. The sodalite framework appears to




have very little effect on the structure of this cluster. It is notable that, even outside a sodalite
cage Agal>* is claimed to have high stability*’. For the sodium halosodalites, the bond lengths
are only slightly shorter than in the rock salt structures. The distances between silver and a
halide anion in the same cage increases going from Cl and Br to L, while the separation of the
silver to an anion in an adjacent cage increases on going through the halide group.

The silver-oxygen distances; in these sodalites are slightly longer than typical silver-
oxygen separations for 4-coordinate silver, and significantly longer than those found in
2-coordinate silver (such as the linear O-Ag-O chain of crystalline Ag20 (2.04 A)), see Table
2. '

The Ag-Ag distances within each cage increase from Cl to Br to I and cover the range
from 4.14 to 4.54 A. Ag-Ag separations for the closest silver ions in adjacent cages are not
much larger. These distances decrease from Cl to Br to L. The intracage Ag-Ag separations
are ca. 6 % longer than in the salts, and Ag-Ag distances between cages are from 25 % to 12
% longer. The Ag-Ag distances in the intrasodalite Ag4I3 * cluster compare closely with those
found in related clusters, such as solvated Agal>* (4.6 A)* and the Agals® cluster, where
Ag-atoms are also arranged tetrahedrally (4.55 A). Further Ag-Ag'distanc& are listed in Table
2. Extended Hiickel molecular orbital (EHMO) calculations (see later) have shown that the
orbital overlap, and thus the atomic interaction, is significant for silver at these distances (even
though the Ag-Ag separations are much larger than in the metal). One can therefore expect
electronic interaction between clusters, as will be shown below. Taking all these bord lengths
into account, one can consider the AgsX units as expanded silver halide semiconductors,
although they are influenced by the aluminosilicate host matrix.

The Rietveld refinement of NaAgBr-SOD containing a very low Ag concentration of 0.3
Ag" perunit cell (u.c.), yielded an Ag-Br bond length of 2.21 A. A relatively large isothermal
temperature factor for the bromide ion of 0.052 A2 indicates that the anion may be slightly
displaced from the center of the cage. After correction for the thermal ion motion®>, the mean
separation of Ag and Br falls in the range of 221 t0 2.24 A. A more extreme view, based on
three standard deviations, yields a range from 2.0 to 2.4 A. This distance compares with the
internuclear separation of gaseous AgBr (2.39 A)“. The Na-Br distance in this sodalite is 2.94




A, ie., slightly longer than in pure NaBr-SOD and only 2 % shorter than in the salt. Due to
the more extensive covalent bonding of AgBr compared to NaBr, the silver is more closely
associated with the halide, while Na™ remains more strongly coordinated to the framework
oxygen. This results in the Na3AgBr aggregate behaving more like a slightly perturbed AgBr
molecule. Based on a binomial distribution of NaaAgs-oBr moieties, at the silver loading level
of this sample one in every eight cages is occupied with an AgBr molecule. The connectivity
of AgBr molecules between cages is therefore small, and the AgBr molecules can be con-
sidered isolated.

At a slightly higher silver concentration (2.5 Ag/u.c.) the AgBr distance (2.519(5) A) has
a value intermediate between the isolated molecule and the fully Ag-loaded sample. This
value may in fact be an average of bond lengths for AgsBr, AgiNaBr, Ag2Na2Br and AgNa3Br
clusters which could not be resolved into individual lengths by the method used.

A word of caution should be given for the last two results, where both the occupancy of
the silver ion is quite low, and the separation between the silver and the sodium cations is very
small. For a scan to 100°28 (or 80°26) the maximum theoretical resolution was 1.0 A (or 12
A). In the above mixed sodium, silver sodalites the separation between cation sites is 0.25 -
0.42 A, ie., smaller than the resolution and approaching the range of the thermal vibrations.
However, including both sites improved the R-factor over leaving one site out. The: fact that '
the cation of lower occupancy (silver) is a much stronger scatterer than sodium played to our
advantage. In a similar situation, Cheetham*® mentions the refinement of GeO2-9Nb20s,
where nonstoichiometry was introduced by partial occupancy of a new type of interstitial site
(occupancy only 0.10). This site was detected by the Fourier analysis of X-ray data of a single
crystal, but was not found by powder data. Nevertheless, including the site in the powder
refinement brought the R-factor down from 10.7 to 9.8 %.

Silver Distribution

Regarding the arrangement of silver in sodalites containing both silver and sodium ions,
several models can be proposed‘“s. The silver may tend to segregate from the sodium ions and
form small domains connected through adjacent cages within the crystal. Hassan and Grundy9




proposed this segregation, or domain, model for Na4K4Cl-SOD. Another model assumes an
even d'stribution of cations throughout the whole crystal, forming an ordered array of
Nas-aAgaX>* (for a fixed value of n). If clusters have different stability constants for each n,
the most stable configuration will tend to dominate and therefore influence the distribution.
A third possibility is that the distribution remains statistical, for example, following a binomial
model. Some cages may be filled with four silver ions, others with one silver and three sodium
ions, etc.

It was shown by IR and XRD techniques, by the absence of any splitting or unusual
broadening of IR bands or x-ray lines, that partially silver-exchanged products are different
from physical mixtures of pure sodium sodalites and pure silver sodalites. Th:s implies that

“the Na* and Ag™ ions are distributed more intimately than in physical mixtures, and do not

tend to aggregate in specific regions within the matrix. The absence of superlattice reflections
in the XRD eliminates the ordered model. In order to be resolved as separate phases by XRD,
segregated domains would require a size of at least 20 - 100 A. Together, these results suggest
that the S-cage encapsulated NunAan3+ moieties follow a statistical distribution, which is
solid-solution like.

Composition

The chemical analyses of the silver sodalites are summarized in Table 3. One important
factor during the ion exchange is control over the silver loading. Figure 4 shows the silver
concentration in NaAgBr-sodalites obtained by chemical analysis, versus the concentration of
silver ions added to the synthesis mixture. Elemental analysis of NaAgBr-sodalites confirmed
that at all stoichiometric levels the silver exchange was complete, i.e., virtually all silver present
in the reaction mixture was exchanged into the sodalite. With a slight excess of silver nitrate
complete replacement of Na™ by Ag* was accomplished for all sodalites in one exchange
reaction at 230°C within 20 hours. Partial exchange was possible by employing smaller
amounts of silver nitrate.
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Mid- and Far-Infrared (IR) Spectroscopy

The silver ion exchange process is conveniently monitored by intensity changes of
diagnostic sodium and silver ion absorptions in the far-IR, as well as shifts in the frequencies

of far-IR anion vibrations*’. This technique is capable of directly probing the site occupancy,

population and local environment of exchangeable cations, as well as other zeolite framework
motions in the 250 400 cm™ region‘s. Figure S shows far-IR spectra of bromosodalites with
increasing replacement of sodium ions by silver. The extent of exchange was followed by
comparing the relative intensities of the Na* and Ag” translational modes in the far-IR
region. For Na™* these modes occur at ca. 200 - 210 cmand 104- 111 em’™. They have been
described as correlated cation modes originating from E and A type local Na * vibration at C3
six-ring sites, respcctively:"9 . At low silver concentrations, absorptions due to silver ion
translational motions are very weak and are generally not resolved as separate bands, although
they produce a shift in the peak position of the low frequency Na * mode. In nearly completely
exchanged sodalite, a characteristic Ag* mode appears at 91 - 98 em’, Full exchange is
evident by the absence of the otherwise intense Na* band at ca. 200 - 210 em™. The greater
mass of silver is a major factor contributing to the shift to lower frequency, with respect to
Na*.

The cation and anion vibrations are coupled to various extents, depending on the
interaction between the vibrating moieties. Thus the replacement of sodium by silver leads
not only to the appearance of new far-IR absorptions associated with the cations but also
produce changes in the anion translational modes of halosodalites. In the case of sodium
chlorosodalite two correlation coupled chloride modes are found at ca. 174 cm’? (a shoulder)
and 97 cm’}, see Figure 6. Upon complete exchange with silver the absorption peaks shift to
185 and 138 cm’}, displaying a smaller correlation splitting than in the starting sodalite. This
indicates a reduced interaction between the anions in adjacent cages (mediated by the cations).
Support for this idea is given by a monotonic shift to higher energy of the lower Cl translatory
mode as the Ag™ concentration is increased. The anion modes of NaCl-SOD, NaBr-SOD and
Nal-SOD nccurred at progressively lower frequencies as the anion mass increased. In contrast,
the cation translational frequencies remained practically unperturbed upon variation of the
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anion. Upon exchange of NaBr-SOD and Nal-SOD with silver only one anion mode was
observed in either case, in the range from 200 - 50 em’l, see Figure 6. The cation and anion

. translational modes have been studied systematically for different ions in sodalites and other

zeolites®™®,

Zeolite framework absorptions in the mid-infrared region have been studied in much
detail®, Absorptions of sodalites and other framework silicates in the range from 1300 - 400
cm™ fall into well-defined "fingerprint" regions. They originate from vibrations of TO4 (T =
Si or Al) tetrahedra in the framework (lattice vibrations), from vibrations within these TO4

units (librational or translational modes) and combination vibrations™.

Table 4 lists the bands related to framework vibrations in the 1000 - 200 cm™ region for
sodalites with various anion and cation content. The intense vas(T-O) asymmetric stretching
modes of SiO4* and AlO4™ groups are typical of aluminosilicates in general. These vibrations
tend to be insensitive to variations in the framework structure and the presence of ex-
traframework guests. By contrast, the bands termed vs(T-O) and 4(O-T-O) are characteristic
fingerprints of the sodalite structure. Their frequencies are sensitive to changes in the
framework with changing extra-framework ions and shift to lower energy after exchange of
silver for sodium. Cation vibrations involve direct interaction with neighboring framework
oxygens. The ensuing local lattice distortion is the cause for the sensitivity of the framework
vibrations to the cation type. For the symmetric Si or Al to O stretching modes of halosodalites,
this shift is nearly linear with silver loading, as shown in Figure 7. A downward shiftis observed
not only by increasing the mass of the cation (Ag * versus Na™) but also that of the anion (I
versus Br). With the help of calibration curves like these, mid-IR spectroscopy becomes a
very fast quality control tool, not only to verify the framework integrity of a sodalite sample,
but also to determine the silver concentration.

Solid State Nuclear Magnetic Resonance (NMR) Spectroscopy

While X-ray diffraction data provide details about the extended-range periodic structure
of a crystalline lattice, solid state NMR informs us about shorter range interactions in the
immediate environment of an NMR-active nucleus. The main features of solid state NMR




spectra are determined by the local symmetry of the nucleus, rather than by the full point group
symmetry of its site or the space group of the crystaln. Another important difference is that
while XRD methods can locate only the most stationary catidns in zeolites, NMR measure-
ments are most sensitive to mobile cations and wt}ons in high symmetry sites>. Solid state
NMR has been a useful probe in the study of zeolites, providing information about their
structure and dynamics. Good reviews on this subject include those by Engelhardt and
Michel’3, and Klinowski**. In the following section we will present 2Si, /Al and ZNa magic
angle spinning (MAS) and double rotation (DOR)ss' 57T NMR data for Class A sodalites.

The ®Si MAS NMR spectrum of an AgBr-SOD sample (a0 = 8.926(5) A), Figure 8,
displayed a single sharp resonance at -84.0 ppm versus TMS, consistent with the ordered array
of silicon and aluminium and the sole existence of Si(OAl)4 environments expected in these
compounds with a Si:Al ratio of 1:1 (Ldewen'stein’s rule). Exceptions have been found in
sodalites with partially filled cavities and orientationally ordered tetrahedral anions
(Nag(SiAlO4)6-MO4, M = Cr, Mo, or W), where more than a single resonance was featured
in the si spectmm”. Even though, according to the chemical analysis up to 10% of the cages
in this silver bromosodalite could have contained AgsOH>* or Ags®* aggregates (the Zsi
shift for AgOH-SOD is -81.3 ppm), the peak showed no asymmetry at higher frequency. These

results suggest that the hydroxide- or anion-free cages do not form a separate phase, but are -

distributed randomly throughout the lattice, although it may be difficult to detect a second
phase at the 10% level, even in a physical mixture of AgBr-SOD and AgOH-SOD.

A bromosodalite with a low silver loading (NaAgBr-SOD, 0.68 Agfu.c., a0 = 8.941(2)
A) also showed only one sharp peak at -85.9 ppm, even though the sample contains several
types of cages with different Na«s-uAgnBr:’+ contents. This indicates that the electronic
environment of the 2Si nuclei is not strongly influenced by the silver guests. This may be a
manifestation of very weak interaction of the silver ions with the tetrahedral framework atoms.

The chemical shift of NaBr-SOD compares to a literature value of -86.7 ppng. The
chemical shifts of the silver-exchanged bromosodalites follow the same trend as the shifts of

sodalites studied by Weller and Wongzg, ie., they increase in magnitude for an increase in




lattice constant. However, their magnitudes are slightly smaller compared to values listed by
Weller and Wong for the corresponding lattice constants.

As PSi NMR could not distinguish between different cage contents, Z1Al was used as
another probe. Because of quadrupolar broadening of 21 Al resonances in MAS NMR, double
rotation spectra were obtained for this nucleus instead. The 2 Al DOR NMR spectra of
partially silver-exchanged halosodalites showed only single sharp resonances: NaAgCl-SOD
(4 Ag/u.c., 20 = 8.866(3) A): +62.2 ppm versus a dilute solution of AI(NO3)3; NaAgBr-SOD:
(5.66 Ag/u.c., 20 = 8.925(3) A): +62.2 ppm; NaAgI-SOD (4 Agfu.c., 20 = 8.984(3) A): +59.3
ppm. Like the silicon atoms, the aluminum atoms experienced only one (average) environ-
ment, which may be partially dependent on the unit cell size and partially on the nature of the
anion and cation. '

As discussed earlier, a question of great interest for silver sodalites is the distribution of
silver throughout the lattice, or in other words, the distribution of clusters of the type
NanAg4-nX3+, n = 0- 4. It was anticipated that this issue could be addressed most directly
by *®Ag or Na NMR. No resonance could be detected by 2 Ag MAS-NMR *® because of
the low inherent sensitivity, negative gyromagnetic ratios and long spin-lattice relaxation times
of 1°9Ag and 107Ag (I = 1/2 for both isotc)pes)s9 . However, it was found that for sodalites
strong BNa signals could be observed readily both by MAS and DOR NMR spectroscopy.

BNa MAS NMR spectra were obtained for partially silver-exchanged and pure sodium
halosodalites (chloride, bromide, iodide). The spectra for the pure sodium forms appear in
Figure 9. In case of NaCl-SOD and NaBr-SOD only a single relatively narrow resonance is
observed. DOR did not increase the resolution of these spectra, implying that the quadrupolar
interactions of the sodium site are rather small. The Nal-SOD sample displays a strongly
broadened double peak. A DOR NMR spectrum of Nal-SOD showed only a single narrow
peak, indicating that the width and line shape of the resonance observed by MAS was largely
due to quadrupolar effects. 3¢1,%c1, ®Brand ¥'Brall possess nuclear spins of 3/2, while 127y
has a nuclear spin of 5/2. Also, the electronegativity difference between the three framework
oxygen atoms on one side of the sodium cation and the halide on the other side increases with
the halide atomic number (A(YO -xX) = 0.28,0.48,0.78 for X = Cl, Br, I, respectively; Pauling
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electronegativities). Hence the degree of charge asymmetry is expected to be enhanced.
Consequently, Na* experiences a larger field gradient near an iodide compared to the other
two anions, resulting in an increased quadrupolar coupling constant for this halide, and thus
greater line width.

The chemical shift for sodium ranges approximately from 62.2 ppm versus an aqueous
NaCl solution for Na™ in te:trahydro’t'm'an60 to -20.4 ppm for solid NaClO4 [TABE1984). In this
study solid NaCl was used as a chemical shift reference for MAS, which has a shift of 7.9 ppm
versus a 1 M NaCl aqueous solution’. In the sodalites the ZNa shifts were found to range
from -0.9 ppm versus solid NaCl ( + 7.0 ppm versus 1 M NaCl) for NaCl-SOD to -14.0 ppm (-6.1
ppm versus 1 M NaCl) for NaOH-SOD. Even though the sodium ion near a sodalite six-ring
" is not unlike Na* in 18-crown-6 ether, the latter is shifted to much more negative values.
(18-crown-6, Na*: in nitromethane: -16.3 ppm; in acetonitrile: -14.9 ppm; in propylene
carbonate: -16.2 ppm; in acetone: -15.8 ppm; in pyridine: -12.4 ppm versus 0.1 M NaCl in
water.)62 In a sodalite cage, the halides deshield Na * relative to the crown ethers in different
solvents where no electronegative anion is coordinated to the Na ™. The chemical shifts in the
sodium sodalites follow the order of electronegativities: I < Br < ClI (Table 5). This is
analogous to the bulk salts, for which the shifts versus 1 M NaCl aqueous solution are: NaCl:
7.9;NaBr: 6.0; Nal: -2.7 ppm ! (see also Table 5). The greatest shielding of sodium ions occurs .
in the presence of the least electronegative anion (iodide). The decreased electronegativity
of I" relative to CI” permits an overall greater electron density and increased shielding of Na *.
Tabeta and Saito®! invoked a heavy atom effect (spin-polarization by the heavy iodide ion) to
explain the considerable upfield shift for Nal compared to NaBr and NaCl. They also
suggested that an increase in the Na-X distance leads to greater shielding, i.e., a more negative
shift, because a higher electron density is created at the Na atom. This trend coincides with
the halosodalites (Na-Cl: 2.704 A, Na-Br: 2.888 A, Na-I: 3.089 A), although in this situation
the changing Na-O distance will play a role. An additional contribution to the shielding of
Na™* may arise from the flexing of the framework as the unit cell size increases. As the Si-O-Al
angle a becomes larger, the charge density from the sodalite cage lattice six-ring oxygens to
Na* (3s) decreases as that to Si' and AI™ increases.




Partially exchanging sodium by silver leads to both changes in intensity (lower sodium
concentration) and small chemical shifts to lower frequency (more negative ppm). Table 5
lists the 2Na MAS NMR chemical shifts measured for the NaAgX-SOD (X = C, Br, I)
samples. These values are uncorrected, that is, they have been determined by peak picking
rather than from a full line shape analysis. Therefore, for MAS spectra, the following
discussion can only be considered qualitative. In the bromosodalite series, the shift remains
relatively constant up to ca. 3 Agfu.c. At 4 Agfu.c., when half the cages are filled, on the
average, a sudden jump occurs to lower frequency. At higher silver loadings (or lower sodium
loadings) the shift remains fairly constant again. The greater shielding at high silver loadings
may be associated with greater electron density on the sodium as it becomes less strongly
associated with the central halide (increasing Na-Br distance). No obvious correlation exists
between the 2NaNMR peak positions and the unit cell sizes in this series. (In oxalatosodalites
the Na NMR shift was linearly correlated with the unit cell sxzes“")

Atlow sodium concentrations a second resonance becomes apparent at lower frequency,
first as a shoulder, and at even lower sodium concentrations as a resolved peak. This band was
also observed by DOR NMR and is therefore not due to quadrupolar line shifting or
broadening effects. In DOR the low frequency peak shifts by ca. -1.6 ppm t'rorh the bromide
series to the iodide series. The peak remains relatively constant in position with silver loading, .
even though the high frequency resonance moves abruptly at a minimum silver loading of ca.
4 Ag/u.c., just as was observed by MAS NMR. This is an indication that the sodium ions
responsible for the low frequency peak do not see a significantly different electronic environ-
ment as silver is exchanged into the halosodalite. Accordingto MAS data, the position of the
low frequency band is in the region of the sodium resonance in NaOH-SOD (-13.8 to -14.0
ppm versus solid NaCl) and Na[]-SOD (-12.6 to -12.8 ppm versus solid NaCl). It is therefore
assigned to a low percentage of hydroxide-containing or anion-free defect cages“’ﬁs. A small
difference in chemical shift may be due to the presence of bromide in adjacent cages. The fact
that this resonance becomes more prominent at higher silver loadings but does not shift,

indicates that silver exchanges preferentially into halide-containing cagesss. Janssen et al. %
also detected two types of cages in what they call "hydrated Cl-sodalites", although they did
not recognize the fact that the second site was due to hydroxide-containing or anion-free cages.
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Their data confirm our conclusions: the Na nuclei associated with defect cages exhibited fast
spin relaxation (ca. 10° s'l), brought about by the mobility of water molecules in these cages;
spins in Cl-cages relaxed more slowly (< 10°sY).

Only one resonance related to sodium in a halide cage is present, regardless of the silver
concentration. Even though it appears that at a certain threshold silver loading this resonance
is affected by the silver content, BNa NMR could therefore not be used to determine the
distribution of cations. The insignificant response of sodium to silver in clusters of the type
NanAgLnX3 *.n = 0-4, was corroborated by extended Hiickel molecular orbital calculations
(see below) which indicated that the major change in electron density is taken up by the anion
as n changes, Table 6.

Extended Hiickel Molecular Orbital (EHMO) Calculations

EHMO calculations were carried out on a number of silver halide clusters, as well as on
an individual sodalite cage with zero to four AgaCl™ clusters, in order to investigate the nature
of the bonding orbitals, those orbitals which are expected to be involved in the electronic
-transitions, the overlap of cluster orbitals with each other and with framework orbitals, and to
examine the possibility of electronic band formation.

The atomic coordinates were normally fixed at the values obtained from X-ray structural |
refinement of silver halosodalites. No further geometry. optimization was carried out to
minimize total energies.

Trends in electronic structure with composition were studied without including the
sodalite framework, because of the limited number of atoms that can be used in the ICONCL
program. All clusters of the type MaX>*, were found to be unstable (positive sums of
stabilization energy and core-core repulsion energy). Addition of the framework stabilized
the clusters. Diatomic AgX molecules (X = Cl, Br, I) were stable by themselves. The large
positive charge on the other clusters leads to large repulsions which must be compensated for

by the aluminosilicate framework. These conclusions coincide with experimental observations

for silver halide clusters: while AgX is stable in the gas phase (as the monomer®’ 7

or the
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trimer ), AgeX is found only when stabilized by a sodalite framework (this study) or in

solution41’42'74.

Figure 10 shows an MO diagram of Ag4CI> * with and without charge iterations. Charge
iterations resulted in stabilization of all atomic orbitals and thus stabilization of most filled
and some unfilled molecular orbitals. The greatest shift to lower energy occurred for C! 3p
AO’s. Charge iterations resulted in a small redistribution of positive charge, placing a slightly
higher positive charge on the more electropositive silver atoms. In all cases the positive charge
was distributed evenly across all silver atoms, but a large positive charge remained on the CI’
atom. The LUMO orbitals always possessed Ag 5s and Ag 5p characteristics while the HOMO
orbitals were mixtures of mainly X np (X n = Cl 3, Br4,15) and Ag 4d orbitals with some Ag
Ss and Ag Sp character. The latter can therefore be considered as the Ag-X bonding orbitals.
The large overlap of Ag 4d orbitals with halogen p orbitals and the resulting significant
quantum mechanical mixing of p and d states in the valence band has been noted for the silver
balides™”". The calculated HOMO-LUMO gap was smaller for X = Br, I than X = Cl,
although care must be taken when comparing results for different halides because of the
neglect of spin-orbit effects in these calculations.

The effect of the number of clusters, n, on the frontier orbital levels was studied for

[Ag4C13+]n cluster aggregates. The clusters were arranged in a space-filling cubic arrange-

ment, as they would be in a cube of nine sodalite cages (cf. Figure 2). The results are shown
in Figure 11. Even though the absolute energies obtained with and without charge iterations
differed greatly, the general trend observed was the same. The gap was reduced for larger n.
The greatest change occurred for the first four clusters. When n = 9, the frontier orbital
energies had nearly levelled out.

Figure 12 shows density of state diagrams (number of molecular orbitals in an energy
interval of 0.25 eV) for [Ag4Cl3+] and [Ag4C13+]1o. The framework was neglected in these
calculations, but similar results were obtained when the framework was included for small n.
One can see that while splitting of levels occurs and the density of levels increases at larger n,
the overall pattern remains and levels still appear to be discrete. The question arises: are
valence and conduction bands formed upon the addition of more clusters? The overlap matrix,
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Table 7 columns a and b, shows the orbital overlap (elements of the overlap matrix) between
Cl, Ag and Ag orbitals in the same cluster, as well as the closest Ag’s in an adjacent cluster.
One can see that in spite of the relatively large Ag-Ag distances (4.14 A (a) and 4.92 A (b))
significant overlap still exists, even between adjacent clusters. As the interaction between
atoms is proportional to the overlap integrals76, silver atoms are clearly interacting electroni-
cally, thus supporting the notion of bands. The large interaction radius of Ag-atoms compared
to say, other members of the noble metal family (e.g., Cu) has been discussed by Calzaferri
and Forss’S, who attributed some of the specific properties of silver zeolites to this behavior.

So far, we have treated these clusters as "gas phase species”. However, in the sodalite
cage they are part of a lattice which is composed of the additional atoms Si, Al, O. Can the
framework atoms really be treated as innocent bystanders or are they involved in the interac-

tion between clusters, or even within one cluster?

Figure 13 shows the density-of-states diagrams for an individual sodalite cage, a cage
with two clusters (one at the center of a cage, one outside), and a cage with four clusters (one
cluster at the center of the cage, three outside; this was the maximum number of clusters
possible with the program). The structure of the cluster band is clearly visible, even within a
sodalite cage (cf. Figure 12). The HOMO pertaining to the cluster is slightly destabilized by
the presence of the cage. Mixing of framework and guest levels is also visible, especially in the '
LUMO region, where it leads to some orbital stabilization. At high cluster loadings, band
broadening becomes more pronounced and the orbital mixing is more extensive. In a similar
calculation for a single cage76, Calzaferri and Forss did not see any band formation for cage
atoms yet. But it is known that, for example, in ZnS and CdS, a crystallite must contain ca.
10,000 atoms before the bandgap characteristics for the bulk material are fully developedﬂ.
By analogy, a larger number of sodalite cages should likely lead to band formation.

While the HOMO still has the Ag 4d, Cl 3p and Ag Ss characteristics, the LUMO now
belongs to the framework Si 3s and Si 3p orbitals with some Ag 5s mixed in. An electronic
transition between HOMO and LUMO would therefore involve metal to framework charge
transfer. As the LUMO level lies lower than the respective Ag Ss, Ag Sp mixture in Ag4C13+
~ clusters in the absence of the sodalite cage, the energy gap is now narrower. It is also
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significantly narrower than that of a sodalite cage containing Na4CP* clusters (see Figure 17),
or that of the hypothetic sodalite cage lacking any cluster atoms. In the latter case the lowest
energy transition occurs from O 2p to Si 3s, Si 3p orbitals. This type of charge transfer

transition is common in sodalites, zeolites and other aluminosilicates or silica 78.

The above calculations addressed pure silver halide clusters. Additional calculations
were carried out on mixed Ag/Né halide clusters which are found in partially Ag-exchanged
sodalites. For simplicity, only single clusters were modelled. Similar results are expected for
larger cluster aggregates. The major difference in orbital characteristics compared to pure Ag
clusters is the participation of Na 3s orbitals in the LUMO (together with Ag Ss and Ag Sp).
The HOMO remains a mixture of Cl 3p, Ag 4d and a little Ag Ss (in NasCP* itis composed

" of C13p and a little Na Ss). While the HOMO-LUMO gap is large in the absence of silver, it

shifts red as soon as at least one Ag atom is included in the cluster, Figure 14. The red shift
continues with an increasing silver content ([Na4Cl]o - [Na4Cl]s[ AgNa3Cl] -» [Na4Cl]s{Ag4Cl]
-» [Ag4Cl]9) but the incremental change is smaller than after addition of the first silver. When
the first silver atom is added, the frontier orbitals take on new characteristics (i.e., those
pertaining to Ag™ rather than Na*). With addition of more Ag*, communication between
the levels leads to stabilization of the LUMO and destabilization of the HOMO, but does not
change the identity of these levels drastically. Thus the change in the energy gap is smaller.
This behavior coincides with the observed trend in UV-visible reflectance spectra of silver
halosodalites (see below).

Optical Spectroscopy

Figure 15 shows UV-visible reflectance spectra for sodalites containing each of the three
different halides CL, Br and I, at silver loadings of 0, 0.1 and 8 Ag * per unit cell. In all cases
the positions of the absorption bands show a halide dependence, the most dramatic difference
occurring for the iodosodalites.

The spectra of the sodium chloro- and bromosodalites consist of an absorption at ca. 205
am with a shoulder around 240 - 250 nm. The iodide spectrum is more complex, with bands
at 225 - 250 nm, 290 nm and a shoulder near 255 nm.
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When a small amount of silver ions is present (0.1 Ag*/u.c.), new features appear,
progressively red-shifted for the bigger anions in larger unit cells in the series Cl, Br, L. The
transitions are similar to the gas phase values of 230 nm and 320 nm for the AgBr monomer .
The effect of changing the silver concentration on the optical spectra is shown for the bromide
series in Figure 16. At higher silver loadings the intensity of these components increases, but
in the case of Cl and Br no significant shift in the absorption energy is observed. Again, the
iodide sample behaves differently, showing a red shift at increased silver loading for the major

components.

After complete silver exchange the spectral features appear simpler again. A sharp
absorption between 245 - 250 nm is superimposed on a broader feature peaking in the same
region. Another peak or shoulder is present between 280 - 300 nm. The absorption bands are
broadest for iodide. By comparison, the parity forbidden (Laporte forbidden) transitions
generally described as Ag (4d955)1D «~Ag (4d1°)15 for the intraionic excitation of Ag* occur
at the following wavelengths in alkali halides and more open zeolites: Ag* in NaCl: 245 nm,
NaBr: 275 nm, KBr: 310 nm; Ag™* in Ago.1A: 207, 224, 240 nm; in Ag11A: 223, 233, 243 nm™.

In many other host matrices containing quantum size particles, an increase in the loading
of the semiconductor material results in a red shift as the particle size increases® 2, Inside
the sodalites the I-VII cluster nuclearity is limited to five, and no significant absorption band
shifts occur at higher loadings for the CI', Br series, in contrast to the I series. The difference
for the I-series appears to originate in the more pronounced sensitivity of the sodalite unit cell
dimensions (inter-3-cage distances and coupling) to Ag* ion loading (Aao = 0.06 A),
compared to the chloride and bromide series (Aao = 0.02 A). Significant overlap of atomic
orbitals within a cluster, as well as overlap of Ag Sp orbitals between adjacent clusters and
through framework atoms allows electronic communication between cages and the content of
cages.
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The energy levels due to clusters with 0, 1, 2, 3, 4 silver ions are likely to overlap and
merge into common bands of the types O 2p, Ag 4d, {X np, Ag Ss ,5p, 4d}, {[Na 3s, Ag 5s] Si
3s,3p} *. An averaged energy level diagram is expected, which dampens any spectral changes
related to Ag ¥ loading. Even after complete silver exchange the absorption edge remains at
higher energy than in bulk AgBr, an indication that microcrystalline AgBr is absent.

A study of the temperature dependence of the absorption spectra for silver halosodalites
between 26 K and 318 K indicated, that the absorption intensities remained nearl)" constant
with tempera.ture, except for the broad absorption centered around 250 nm. This absorption
is nearly absent at low temperatures, resulting in greater resolution of the remaining absorp-
tion bands. As the temperature increases this band becomes more intense and broadens. At
the same time it undergoes a slight blue shift.

In order to assign the transitions involved in the above absorptions, it is helpful to
consider the quasi energy band diagrams obtained by extended Hiickel molecular orbital
(EHMO) calculations, Figure 17. The calculations are based on a single sodalite cage with the
composition MaXAl12Si1203% 5. The number of atoms used is that number required to
complete one cage, which does not coincide with one half of a unit cell. As no terminal atoms
(e.g., hydrogen) were included, the charge on the cage, excluding the M4X cluster, is + 12. The
Wolfsberg-Helmholz-Calzaferri weighting formula®®* was used; no charge iterations were -
carried out. Closely spaced energy levels of the same orbital composition are represented as
continuous bands, to simplify the diagram.

The framework atoms are involved in the optical transitions via the O 2p and Si 3s, 3p
orbitals. According to the EHMO calculations, the Al 3s, 3p levels lie too high to take part in
the transitions. In the absence of silver, the Cl 3p levels mix in with the more energetic O 2p
levels, while Na 3s mixes with lower energy Si 3s, 3p levels. No mixed Na/Cl bonding orbitals
are present. The bandgap is hardly affected, corresponding mainly to a Si < O ligand-to-metal

Braces around orbitals imply orbital mixing, brackets imply the presence of cither one or more orbitals
included in the list.



charge transfer (205 nm absorption). The shoulder found at lower energy may correspond to
optical transitions within the cluster (Na < Cl). The band broadening and greater spectral
complexity for the iodide sample can be related to the increased spin-orbit coupling for this
heavy halide.

When some sodium ions are replaced by silver ions, new levels appear within the sodalite
framework bandgap. While cation s orbitals still mix with Si 3s, 3p, the halide p orbitals move
above the O 2p in energy, mixing with silver orbitals instead. This mixing is an indication of
Ag-X bonding. In addition to the framework charge transfer transition, the spectra in Figure
15 now show features corresponding to transitions from Ag 4d or halide p mixed with Ag Ss,
5p or 4d to mixed {[Na 3s, Ag Ss] Si 3s, 3p} LUMO levels. The fact that the LUMO consists
of both cluster and framework orbitals, indicates that the aluminosilicate framework is
involved in the electronic interactions between clusters, and affects the optical and electronic
properties of silver sodalites.

As the silver loading is increased, the Ag 4d band broadens, while the separate Cl 3p, Ag
5s, 5p, 4d bands merge into one sharper, destabilized band. For completely silver-exchanged
samples, the optical absorptions can be assigned to {Si 3s, 3p} + {Ag 4d} (broader 245 - 250
nm absorption); {Si 3s, Si 3p; Ag 5s} + {Ag 4d} (sharp 245 - 250 nm absorption); {Si 3s, 3p,
Ag 5s} < {X np, Ag 5s, Sp, 4d} (280 - 300 nm). The first two transitions do not involve halide |
orbitals, and the corresponding optical absorptions show little halide dependence. (The sharp
absorption band is absent in Ag{]-SOD samples whose cages contain water instead of a halide
ion2) The energy of the {Si 3s, 3p, Ag 5s} « {X ap, Ag 5s, Sp, 4d} transition exhibits a slight
dependence on the type of halide. The almost negligible narrowing of the calculated energy
gaps for the series Cl, Br, I is due mainly to a small destabilization of the HOMO on going
down the halogen group. In a study of AgBrl mixed silver halides, Marchetti and Burben'y85
also observed a decrease in the bandgap energy as the iodide content was increased, caused
by an upward shift of the valence band (also Berry“). As the LUMO does not involve halide
orbitals, it remains virtually unaffected by the halide (except for changes caused by different
unit cell sizes). The framework charge transfer transition is still present underneath the more
intense silver related absorptions.
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The absorption edges of silver halides and other semiconductors have been fitted to
equations, such as Equations [1] - [5], listed in the Experimental Section, to determine the
allowedness of the interband transitions. Because the nuclearity of the Ag4x3+ clusters is
small, the lowest energy absorptions may be simply due to HOMO-LUMO transitions of a
molecular nature. However, the observations that 1) silver ions from adjacent clusters can
overlap directly as well as via framiework atoms, and 2) absorption band broadening occurs for
greater connectivity between clusters?, suggest that the formation of bands may be possible in
silver halosodalites. Narrow bands may occur in insulators and metals when valence electrons
have both localized and band-like characteristics. They can also occur in situations where
interatomic distances are so large that the only ;rxcchanism for broadening is via an excited
state of one or more atoms involved. This mechanism applies, for example, to transition metal
halides in which cation-cation distances are very largem, iLe., systems not unlike the clusters
under consideration. Assuming that band theory concepts and the k-selection rule are
applicable (ie., that a band description is valid), the absorption edges of AgCl-SOD, AgBr-
SOD, and AgI-SOD above 300 nm were fitted to Equations [1] - [5]. In all cases the fit for a
da transition was worst, while df, ia, and if all showed straight line parts, the fits for the indirect
transitions appearing to be best. Table 8 lists the fitted bandedges. The "Overall” value is an
average of the values for df, ia and if; the "Best" value is the energy with the least uncertainty
in the intercept. ‘ |

(If phonons are involved in AgI-SOD, o + Nw¢ = 3.77eV,fw — Hwc = 3.09 eV. Therefore
Hw = Eg = 343 = 0.20. This is not the case if Agl-SOD behaves like a heavily doped
semiconductor, see below.) These values are significantly smaller than the optical bandgaps
in sodium sodalites®, which show a strong halide dependence: NaCl-SOD, 6.1 eV; NaBr-
SOD, 5.9 eV; Nal-SOD, 52 eV.

Except for the fact, that AgI-SOD displayed a second component in the absorption tail,
the gaps for the three silver halosodalites are not significantly different from each other. This
is in qualitative agreement with the gap calculated by the EHMO method, which also varies
only very slightly with the type of halide. The interband transitions appear to be indirect, ie.,
the bottom of the conduction band is at a different k-value than the top of the valence band.
The lowest energy interband transitions in bulk AgCl and AgBr (allowed”) are also indirect™®.
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B-Agl (wurtzite) is a direct gap ionic semiconductor’ > 2. The allowedness of a transition is
normally determined experimemally”. However, because of the similarity in the fits for ia
and if, our data did not allow us to distinguish between allowed and forbidden processes.
Energy band caiculations in k-space are required to characterize the interband transitions in
silver halosodalites in more detail.

Photon absorption in indirect bandgap materials must involve a momentum—conscniing
process. In many cases (e.g., in AgBr)“ phonon absorptibn or emission assists the electron in
an indirect transition. In those cases one would expect the bandgap energy to be temperature
dependent, due to increasing phonon absorption with increasing temperature. Yet in case of
the silver halosodalites the temperature dependence of the edge was found to be very small.
" This behavior points to either a "localized" cluster description, or if a band model is valid, to
the possibility of alternate momentum-conserving processes, such as the scattering processes
found in heavily doped indirect bandgap semiconductors®+3, In such materials the absorption
coefficient is similar to Equation [3] for an indirect allowed transition, except that the
Bose-Einstein population factor for phonons does not appear:

a « N (ftw - Eg — AN )?

Here N is the number of scatterers and AN is a quantity that describes the fact that for heavily
doped semiconductors the Fermi level shifts into the conduction band. Our data would give
an identical fit to this equation as to Equation [3]. The alternate processes conserving crystal
momentum involve impurities or disorder, which destroy the k-selection rule by destroying
translational symmetry. The silver sodalites are known to contain hydroxide or [] cage
impurities. They can contain framework defects (especially at the surface). Also, samples with
low silver loading show cation disorder.

Conclusions

This investigation showed that sodium, silver halosodalites may be used to fabricate an
organized assembly ranging from "isolated molecules” to an expanded cluster lattice of a
material that is normally a I-VII semiconductor, stabilized inside a sodalite host matrix.




Control over the silver halide environment was possible by varying the anion and cation

composition, which involved alteration of the unit cell size.

The unit cell sizes of Class A sodalites depend on the silver concentration and on the
type of halide. Short molecular-like Ag-X distances were observed at low silver concentration.
At increased Ag™ concentrations up to complete silver exchange the product is better
described as a sodalite lattice cohtaining an "expanded silver halide". Soth far-IR and XRD
data showed sudden breaks at a silver loading corresponding to more than one Ag” per
sodalite cage, possibly indicating a percolation threshold. The UV-visible absorption edge
was not highly dependent on silver concentratior, consistent with the limitation of the cluster
nuclearity to five. Absorption lines could be assigned to transitions involving both the guest
clusters and the sodalite framework.

A key question is, how much interaction exists between the sodalite host matrix and the
guest species, whether they are so-called "isolated molecular species” or expanded cluster
supralattices. In NaCl-SOD, Na* and CI” are clearly part of the whole unit cell. For example,
the sodium ions are closely associated with the six-ring oxygens. Can the Ag4Cl clusters act as
almost independent moieties, slightly perturbed by the framework or even as a collective
(Ag4Cl)a sublattice? An interaction would apply to both directions: the effect of the host on
the guest and the effect of the guest on the host. The presence and identity of the cations and -
anions inside the sodalite cages clearly affected the aluminosilicate framework, by causing it
to flex and adapt its size to the ions. This effect was also apparent in the framework vibrations.
The electronic effect was small. EHMO calculations indicated that electronic levels associated
with framework atoms remained almost unaffected, except for some mixing of silver levels at
the top of the O 2p and bottom of the Si 3s, 3p bands.

To examine the reverse effect, the perturbation of silver halide clusters by the
aluminosilicate framework, one can compare the bond lengths between cations and anions or
cations and framework oxygen atoms to the distances found in related compounds. The
silver-halide distances were longest in fully silve.r-cxchanged sodalites. Even then they were
ca. 8% shorter than in the rock-salt (AgCl, AgBr) or zinc-blende (AgI) bulk materials. The
Ag-l separation was nearly identical to that found in other silver iodide clusters reported in
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the literature. The silver oxygen distances were slightly longer than those in other compounds
with four-coordinate silver. The relative bond lengths of Ag-X, Ag-O and Na-X indicate that
the strongest bonding interaction occurs between silver and the halide, probably because of
the relatively strong covalency of the Ag-X bond. Orbital overlap is significant between silver
Ss and 5p orbitals and all framework atoms. This means, that although the Ag4x3 * aggregate
tends to behave as aunit and can be considered a cluster, itis strongly influenced by the sodalite
host.

What about the interaction of clusters in adjacent cages? Far-IR Specuaz’”, indicate
that cation motions are coupled (mediated by the anions), and anions are also vibrationally
coupled (mediated by the cations). This coupling is concentration dependent. Ag-Ag distan-
ces between cages were only slightly longer than intracage Ag-Ag separations (25% to 12%
longer than in the corresponding bulk silver halides). With such separations orbital overlap
was still significant between cages (highest for Ag Sp levels: 13%). Thus one can expect
electronic communication between clusters, resulting in band formation. It is therefore valid
to call the arrangement of semiconductor-component clusters an expanded silver halide. Is it
an expanded semiconductor? AC and DC conductivity measuremenfs on single crystals of
silver halosodalites will be required to address this question. Expansion of the semiconductor
components and inclusion in a sodalite matrix has increased its energy bandgap compared to -
the bulk silver halides, as would be expected. The optically determined bandgaps are of the

order of 3.8 eV. This value is at the border between semiconductors and insulators”.

Is the "isolated AgBr molecule” in the NaAgBr-SOD sample with very low silver
concentration fully isolated? The sodium cations, framework atoms and even bromide ions
in adjacent cages still interact with the AgBr diatomic unit, in spite of its short bondleagth.
However, at the low silver loading it is isolated from other AgBr units. This directly affects
the optical properties of the material, resulting in more structure in both the absorption and
excitation spectra.




Experimental

Synthesis of Sodium Sodalite Precursors

The sodium sodalites were prepared by a low temperature hydrothermal synthesis. The
gel compositions are listed in Table 9 and the reagent sources in Table 10. In a typical synthesis,
solution A contained the sodium salt, sodium hydroxide and silica source and solution B
contained sodium hydroxide and the alumina source. These were prepared as follows. For
solution A, 0.6 -z moles of NaOH and w moles of the sodium salt to be occluded in the sodalite
were dissolved in 0.6 ‘v moles of deionized water. For Class A sodalites an excess of the sodium
salt was used to suppress hydroxosodalite formation. An aqueous colloidal silica solution
containing y moles of SiO2 was added to the above solution. The solution was mixed and
heated to 80-95°C. Solution B was prepared by dissolving x moles of AI(OH)3 in an aqueous
solution containing 0.4z moles of the NaOH, again at 80-95°C. The hot solutions A and B
were mixed rapidiy. A gel formed almost immediately upon mixing. The gel was shaken for
S minutes and the mixture was heated at 95°C for 3 - 9 days in 1000 mL capped teflon (FEP)
bottles. The white, microcrystalline products were filtered through ASTM 10-15 medium pore
glass frits and washed with 2-4 L deionized water. The products were dried in air at ambient
temperature.

Silver Exchange
Melt Exchange

Silver-containing sodalites were prepared by a melt ion exchange of a mixture containing
the parent sodium sodalite, AgNO3 (Fisher, 99.8%), and, in some cases, NaNO3 (ACS grade)
as diluent. Typically, 1-2 g of sodium sodalite was mixed with silver nitrate (m.p. 212°C)96 in
a porcelain mortar. For complete silver exchange a slight excess of silver nitrate was used,
while for partial exchanges stoichiometric amounts were used. The mixture was heated in the
dark to 230°C for 24 hours (320°C if NaNO3 was used). For milder exchange conditions, a
eutectic mixture containing SOwt% AgNO3 and S0wt% AgClO3 can be used. Its eutectic melt
temperature is 145°C 9 The products were filtered in the dark through a 0.8 um cellulose
nitrate filter membrane, washed with ca. 2 L of deionized water, and dried in air at ambient




temperature. Because of their light sensitivity, the white-to-yellow dry powders were stored
in dark sample vials.

Aqueous Exchange

An aqueous ion exchange is possible for even milder exchange temperatures (room
temperature up to 100°C). Sodium sodalite was added to an aqueous solution containing
stoichiometric amounts of silver nitrate. The mixture was stirred in the dark for 24 hours at
room temperature or under reflux. The product was filtered, washed in the dark and dried in
air. For halosodalites only partial silver exchange was accomplished, even under reflux
conditions.

Product Characterization
Sample Preparation

For many spectroscopic investigations samples were pressed into 20 mm diameter
self-supporting wafers with a pressure of ca. 200 MPa for 2 seconds. With careful grinding,
the sodalite crystal structure was not significantly reduced by this procedure. Multiple grinding
and pressing, however, led to degradation of the crystallinity. Some silver sodalites proved to
be pressure sensitive and darkened upon compression.

All thermal manipulations were carried out in situ, using standard high-vacuum techni-

ques. Analyses were usually carried out at or near room temperature.

Powder X-Ray Diffraction (XRD)

The products from the hydrothermal syntheses and silver exchanges were analyzed by
powder X-ray diffraction. Samples were prepared by spreading a thin layer of finely ground
sodalite on an etched glass or plexiglass slide, with a 0.3 - 3 mm square groove.

Room-temperature (25°C), high resolution powder X-ray data were collected on a
Scintag PAD-X automated diffractometer operating in -6 geometry, using CuKea radiation (1
= 1.54178 A, Ka2stripped, 40 mA, 45 kV) with a liquid nitrogen cooled solid state Ge detector.
A scan range from 20 = 15 - 80° in 0.01° steps was used for a total of 6500 data points, allowing




for the collection of a pattern with sufficient intensity (signal:noise) within ca. 12 - 14 hours.
The Scintag equipment was interfaced with a Digital Corp. Microvax II computer, running
associated software. Lattice indexing, unit cell size determination and esd calculations were
carried out using Scintag software modified at the University of California, Santa Barbara.

The Rietveld refinements were carried out using the program GSAS™ on a Microvax II
computer. For each refinement the space group P43n was used, assuming a random distribu-
tion of cages occupied by different guest species. The general positions and fractional
occupancies of the cations, anions and framework oxygens were refined. The temperature
factors were generally refined isotropically (not refined for framework Si, Al).

- Product Composition

The sodalite samples were analyzed for Si, Al, Na, Ag, Br, Fe and Pb by Galbraith
Laboratories, Knoxville, Tennessee, USA. Table 3 lists the compositions of the sodalites that
were chemically analyzed. The compositions of the sodium sodalites were consistent with the
expected sodalite structure. The Si/Al ratios of all samples fell in the range from 0.98 -1.11,
_as expected for a well-ordered sodalite. The XRD powder patterns showed one major sodalite
phase. A relatively flat background indicated that not much amorphous material was present.
The line-width of the X-ray lines was typical for hydrothermally prepared sodalites with small
particle size. Single phases were observed, except in a few samples which were partially
dehydrated and could therefore exhibit patterns corresponding to regions of different states
of hydration. No lines due to externally crystallized sodium halides or silver were observed
for the untreated materials.

The halide content of NaBr-SOD and its silver derivatives was found to be 6 - 19% lower
than expected in a perfect material, indicating that some cages were created with trapped
hydroxide (or no anion after washing) or that small amounts of amorphous material free of
halide were present. Hydroxide or anion-free "defect"” cages were detected directly by BNa
MAS NMR 2




Fourier Transform Infrared (FT-IR) Spectroscopy

Infrared measurements were carried out on a Nicolet 20SXB Fourier Transform IR
spectrometer with far infrared capability (Nicolet 20F, 650 - 30 cm™, DTGS detectors). All
spectra were obtained with 4 cm™! resolution by co-adding 250 interferograms (650 - 30 cmt
far IR range) or 100 interferograms (4000 - 400 em’! mid IR range). The spectra were
baseline-corrected by subtracting a linear ramp from the observed spectra. Some Mid-IR
spectra were collected on a Nicolet DXS FT spectrometer. As sodalites absorb strongly in the
IR framework region, samples were diluted with CsCl or KBr for mid-IR analysis to resolve
individual framework bands. Self-supporting wafers were prepared by pressing a few grains
of sodalite mixed with the salt. Since only milligram quantities were used, care had to be taken
that the sample was representative of the bulk material.

For far-IR measurements the sodalites were treated in an in situ cell*3. Around 20 - 50
mg of sodalite powder was diluted with an equal amount of dry silica gel (ICI: Davison 952)
to improve wafer stability and conserve sample, and formed into 20 mm diameter self-sup-
porting wafers. Up to four wafers were mounted in a sample holder that could be rotated
through 360°, as well as vertically translated, in a dynamic vacuum. The zeolite wafers were
moved either to intersect the IR beam or to a water-cooled furnace area for thermal treat-
ments. The wafers could be heated in the IR beam by a cartridge heater embedded into the
sample holder, or moved to the furnace area where it was possible to attain temperatures up
t0 450°C for pre- or post-treatment in a dynamic vacuum of 10 torr. Samples could be cooled
to ca. -50°C by passing liquid nitrogen-cooled dry nitrogen gas through a coil attached to the
sample holder.

Solid State Nuclear Magnetic Resonance (NMR) Spectroscopy

Z1Al, Psi, ®Na MAS NMR measurements at 7.0 T were carried out on a General Electric
GN-300 spectrometer at the University of California, Santa Barbaré, equipped with Henry-
Radio amplifiers and a Chemagnetics probe. MAS NMR experiments were conducted using
KELEF rotors of 9.5 mm o.d. which were spun at speeds up to 3.5 kHz.

The spectra were recorded, using the following conditions:
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25i: 59.7 MHz; pw = 7- 15us; pd = 120's; csr: TMS.

Z1A1: 783 MHz; pw = 8 - 1S us; pd = 2s; csr: 1 M Al(NO3)3 aqueous solution

BNa: 79.5 MHz; pw = 2- 1S us; pd = 1-2; csr: solid NaCl.
(Here pw = pulse width, pd = pulse delay, csr = chemical shift reference. The chemical shift
of solid NaCl is 7.9 ppm'with respect to 1 M NaCl aqueous solutionsl.)

In addition ZNa MAS NMR measurements at 7.0 T were carried out at the University
of Toronto, using a Chemagnetics CMX-300 spectrometer with Chemagnetics MAS probe and
rotor, and 7.5 mm zirconia spinners at speeds of ca. 3 kHz. The following conditions were
used:

Bsi: 59.5 MHz; pw = Sus; pd = 120s; csr: TMS. -

BNa: 792 MHz; pw = 2 us; pd = 2s; csr: solid NaCl.

DOR NMR experiments were carried out for the quadrupolar nuclei BNa (I =3/2)and
LN (I = 5/2). The spectra were collected on a 11.7 T Chemagnetics CMX-500 spectrometer
at the University of California, Berkeley equipped with a DOR probe. The sample was spun
around two "magic-angles” inclined at 54.7° and 30.6° with an outer rotor spinning rate of 500
- 650 Hz and an inner rotor spinning rate of S kHz. Data were collected in the single pulse
mode, using the following conditions:

Z1Al: 1303 MHz; pw = 3us; pd = 0.5 - 1 5; csr: dilute aqueous Al(NO3)3 solution.
BNa: 132.3 MHz; pw = 4 us; pd = 0.5 s; csr: dilute aqueous NaCl solution.
Optical Spectroscopy

UV-visible absorption spectra were obtained by a reflectance method, using a Perkin
Elmer 330 spectrophotometer with an integrating sphere (BaSO4 reference) and a range of
190 - 2400 nm. Samples were pressed into self-supporting pellets. The spectrometer reports
log(1/R ») versus wavelength, where R is the relative diffuse reflectance, defined by:

Re = R’ =sample
® 7 R’wreference
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R'= is the absolute reflectance of the layer, k its molar absorption coefficient and s the
scattering coefficient. (The k values for the BaSQ4 reference are assumed to be zero and its
absolute reflectance to be one.)

In order to determine bandedges, spectra were first converted from reflectance to
absorption units using the Kubelka-Munk equation. The theory concerning diffuse reflectance
spectroscopy has been developed by Kubelka and Munk®®% and is outlined by Frei and
MacNeil'®. For an infinitely thick opaque layer the Kubelka-Munk equation is given as:

- Q'z
F(Ra)Esl—ZRR-Q—)—=~];<

For constant s ., a linear relationship is obtained between the function F(R) and the
absorption coefficient k. When the absorption values are low, k is proportional to the
concentration of the absorber. Under these conditions, the Kubelka-Munk equation
resembles the Beer-Lambert law.

The bandedges were then fitted to the corrected spectra using equations for direct and

indirect bandgap semiconductors™.

Direct allowed (da), e.g., AIP, GaAs, InSb, AlAs:

@da = Cda (w — Eg)? (11.
Direct forbidden (df), e.g., rutile, SiO2, Cu20:

adr = Cyf (Tw — Eg)*? » 2}
Indirect allowed (ia), e.g., Ge, Si:

¢ - o (B0 = Eg — Buc)? , .
ain = Ciy T — exp (—Bwe /ksT) (emitted phonon) 31
* For particle sizes of the order of the wavelength used (200 - 1000 am) the scattering coefficient does not

remain constant with wavelength. For such particies the scattered irradiance is proportional to 144
regardless of the particle shape'®!. Many sodalite samples prepared in this study fall in this size range, so
that the bascline may deviate from linearity due to scattering.




(Fw - Eg + Fwg)?

a _
aia = Cia exp (—Bwe /kBT) - 1 (absorbed phonon) [4].
Indirect forbidden (if):
- o (B0 = Eg — Bog)®

Here Nwc is the phonon energy and w the photon energy.

The energy gaps were calculated by plotting az, am, a'? or a3 versus the absorption
energy for da, df, ia, and if interband transitions, respectively. The intersection of the
extrapolated best fitting straight line with the horizontal (energy) axis (ie., extrapolation to @

= () was taken as the bandgap energy.

When o = Eg + N then aia = ah + 2% 55, Plots of @2 versus T (or hv) should
have two straight line portions which extrapolate to Eg + Twc and Eg — fwe. Changes in
temperature change the relative contributions of phonon absorption and emission as well as
the value of Eg because of changes in the lattice constant.

EHMO Calculations

Extended Hiickel molecular orbital (EHMO) calculations were carried out for silver and
silver halide clusters, in the free form, as well as enclosed in a sodalite cage. The program
ICONCL by Calzaferri and co-workers % was used for this calculation. This program is based
on the Mulliken-Wolfsberg-Helmholz method'®, The orbital exponents were taken from
available literature data'®1%, The Coulomb integrals used were those of the neutral atoms
(except for Ag"', where the values for the +1 ion were used). These values were obtained
from the literature!9-'%, In some calculations, self-consistent charge iterations were carried
out for Ag, Cl, Na, Si, Al, O, to optimize the Coulomb integrals using the equation:

-Hi(Q) = AQ* +BQ + C

with parameters A, B, C based on literature valueslm'lm'lm.



The resonance integrals were calculated using the Wolfsberg-Helmholz equation with
Calzaferri’s distance dependent term>r4;

Hj = k3L (Hi + Hj)

wherek = 1 + (¢ + A2 - A%)- exp[-3(R-do)],
do = r(A) + r(B),
1 + & = 20,3 = 0.35 (recommended values for inorganic complexes),

A= Hii — Hjj
Hii + Hjj

This equation takes into account the difference in diffuseness of orbitals, assuming that
" asmall Hii implies an unstable, diffuse orbital and a large Hii a stable, contracted orbital.

The above method uses all valence electrons but neglects inner shell el:ctrons. Antisym-
metrization and electron correlation are also neglected. Even though it uses the simplest of
all valence one-electron theories, it was considered suitable for the molecules studied here,
because it can handle relatively complex inorganic, nonplanar systems, providing a reasonable
qualitative picture of the electronic structure.
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Figure Captions

Figure 1. High resolution XRD powder pattern of AgBr-SOD, showing the experimental
pattern, superimposed on a pattern calculated by Rietveld refinement, and the difference
between these two patterns.

Figure 2. A. Sodalite cage showing a single cuboctahedron, a central anion, and four cations
in the six-ring sites. Each corner represents a TO4 unit (T = Si or Al). B. Sodalite framework,

emphasizing the close packing of cagesuo.

Figure 3. Effect of silver loading on structural and spectroscopic properties of NaAgBr-
sodalites. a) Variations in far-IR Na* translational frequencies with Ag™* loading (—,
untreated samples; - - -, simulated peak positions assuming a binomial distribution of NanAgs-
oBr moieties with absorption frequencies centered around equally spaced positions between
the n = (-4 extrema). b) Variations in the mid-IR framework vibrations. ¢) Variations in the
unit cell edge.

Figure 4. Plot of the silver content in silver-exchanged NaAgBr-SODs versus the silver present
in the AgNO3 melt per unit cell of sodalite.

Figure 5. Far-IR spectra of sodium,silver bromosodalites with various silver loadings, showing
the silver, sodium and bromide translational modes. A) 0 Ag/u.c., B) 0.3 Agfu.c.,C)2.4 Ag/u.c,"
D) 3.1 Ag/u.c, E) 4.7 Ag/u.c., F) 5.7 Ag/u.c,, G) 8 Ag/u.c. "f" denotes a framework absorption.

Figure 6. Far-IR spectra of halosodalites. a) AgCl-SOD, b) AgBr-SOD, c) Agl-SOD, d)
NaCl-SOD, e) NaBr-SOD, f) Nal-SOD. "f" denotes a framework absorption.

Figure 7. The dependence of the two T-O stetching frequencies in mixed sodium, silver
halosodalites with various degrees of silver exchange.

Figure 8. 5si MASNMR spectra' of a) untreated AgBr-SOD and b) AgBr-SOD that had been
heated to 450°C for 1 hour.

Figure 9. BNa MAS NMR spectra of a) NaCl-SOD, b) NaBr-SOD and c) Nal-SOD. The
inset shows the corresponding ZNa DOR NMR spectrum for Nal-SOD.



Figure 10. Molecular orbital diagram of Ag‘sCl3 *and the corresponding silver and chloride
ion levels. Calculated with and without charge iterations. '

Figure 11. The effect of [Ag4Cl3 *1a cluster aggregation on the frontier orbital energies. +:
LUMO (no charge iterations (CI)), j: HOMO (no CI), A: LUMO (CI), ©: HOMO (CI).

Figure 12. Density-of-states diagrams for a) Ag4Cl3+ and b) [Ag4Cl3+]1o. The graphs show
the number of molecular orbitals per atom within 0.25 eV ranges.

Figure 13. Density-of-states diagrams for an individual cluster-free sodalite cage,
AlpSi03 2t , a sodalite cage with two clusters (one inside, one outside),
Ag8Clel125i1203618+, and a sodalite cage with four clusters (one inside, three outside),
Ag16Cl4Al12Si120362* T Regions pertaining mainly to the cluster orbitals are shown in dark.

Figure 14. The effect of the number of silver afoms, n,in AgaN a.s...Cl3 * clusters on the frontier
orbital energies. ¢: LUMO (no charge iterations (CI)), A:HOMO (no CI), x: LUMO (CI),
V:HOMO (CI). '

Figure 15. UV-visible reflectance spectra of sodium, silver halosodalites. Aa) NaCl-SOD,
Ab) NaBr-SOD, Ac) Nal-SOD, Ba) NaAgCl-SOD, 0.1 Ag/u.c., Bb) NaAgBr-SOD, 0.1 Ag/u.c.,
Bc) NaAglI-SOD, 0.1 Ag/u.c., Ca) AgCl-SOD, Cb) AgBr-SOD, Cc) Agl-SOD.

Figure 16. UV-visible reflectance spectra of sodium, silver bromosodalites with varying silver .
concentrations. Ag/u.c.: a) 0, b) 0.05, c) 0.28, d) 2.0, e) 3.1, f) 8.0, g) bulk AgBr.

Figure 17. Sodalite band diagrams for one cluster of the type indicated, inside a single sodalite
cage. ‘




Table 1. Structural parameters of Class A sodalites.

Reference UC Edge £LAl-0-Si Al-0O

Sample
(R)

AgCl-soD own 8.8708
AgBr-sSoD own 8.9109
AgI-SOD own 8.9523
NacCl-soD 14 8.879
NaCl-soD 15 - 8.8812
Nacl-sop 15 8.8812
NaBr-SOD own 8.9305
¥aI-SoD 14 9.008
ricl-sop 15 8.4440
Licl-sop 14 8.447
Lij, gsNag.15Cl-sop 15 8.7101
K7.6Nag.4Cl-sop 14 9.253
Na7.7Ag0.3Br-SOD own 8.9290
Nas ,sAg2.5Br-soD own 8.9123
Sample Coordinates

ox oy
AgCl-soD 0.1472 0.4424 O.
AgBr-sop 0.1456 0.4438 0.
AgI-SOD 0.1471 0.4620 0.
NacCl-sop 0.1521 0.43%1 0.
NacCl-soD 0.1494 0.4382 0.
NacCl-soD 0.1484 0.4385 0.
NaBr-sop 0.1505 0.443% 0.
NaI-sop 0.1428 0.4508 0.
Licl-sop 0.1423 0.4089 0.
Licl-sop 0.1424 0.4108 0.
Lij.gsNag.15Cl-soD 0.1475 0.4256 0.
K7.6Nagp.4Cl-s0D 0.1586 0.4786 0.
Na7,7Ag0Q.3Br-s0D 0.1519 0.4438 0.
Nas _ s5Ag2 . 5Br-sob 0.1452 0.4533 0.

Additional Unit Cell Sizes

Licl-sop:
LiBr-soD:
NaCl-sSoD:
NaBr-sSoD:
NaI-SOD:

8.469, 8.447
8.511

8.876, 8.878
8.932, 8.934

9.010, 9.008

(%)
140.6
141.7
151.4
138.4
138.1
138.1
140.6
145.3
124.5
125.6
132.1
155.4
139.9
146.9

oz

1396
1393
1368
1373
1395
1401
1409
1428
1329
1311
1372
1363
1427
1386

(X
1.711
1.708
1.697
1.766

1.734

1.739

1.82
1.735
1.684

0.1750
0.1777
0.1777
0.1867
0.1980

0.1675

0.1901
0.1912

8i-0
(A)
1.620
1.630
1.569
1.592

1.620

1.619

1.53
1.626
1.603

Ag
0.1651
0.1730
0.1793

0.1429
0.1632

Ag-X
(X)
2.537
2.671
2.779

2.5570d
2.451Li

Na=-X
(X)

2.691
2.734
2.734
2.888
3.089

2.835Li2.527

3.007K

2.21
2.519

Other

2.940
2.951

0.1748 Li
0.1675 Li
0.1879 Li
0.1876 K




Table 2. Interatomic distances in Class A sodalites and related structures.

Sample

NacCl-soD
AgCl-soD
NaBr-sop
AgBr-sop
NaI-SOD
AgI-SOD

Note: All distances are given in A.

dinate anion”’.
blende structure.

M-X M-0 Ag-Ag Ag-Ag

(next)
2.80
2.81
2.95
2.96
3.19

3.20

2.734
2.537
2.888
2.671
3.089
2.779

2.372

2.475 4.142
2.356

2.444 4.361
2.383
2.576 4.539

4.920

4.859

4.821

The

Br in the next cage.

Related Structures:

Ag-Br (R)
2.592

Ag-I (R)
2.85
2.85

2.79

2.8
2.814
2.76-2.86
2.799(4)
2.75

Ag-0 (R)
2.04

2.27
2.45-2.58
2.4
2.41-2.45
2.31-2.36
2.13

2.40

2.48

2.50

Ag-ag (R)
2.8894
3.02(2)
3.22
2.866(5)
3.072(6)
4.06
4.6

4.55

Compound
[AgBr(SC4qHg) )4

Compound

M-X (sum of radii) Ag-X Ag-X

1.13+1.67
1.14+1.67
1.13+1.82
1.14+1.82
1.13+2.06
1.14+2.06

Ag-x+

(bulk) (mol.)(next)
2.79
2.775 2.28 5.146
2.95
2.887 2.393 5.047
3.04 2.545 4.918

radii for n;*, Ag* are for the
4-coo:dinat.ssation, while those for Cl™, Br~, I~ are for the 6-coor-

sums of covalent radii of Ag and I

AgIaT
Ag413*
Ag,K,Na-I,NO3 mixture

cationic complexes in solution

The bulk Ag-X distances for AgI refer to the zinc-
*) Refers to the distance between Ag in one cage and

Reference
112

Reference
42

42

42

113

AgI wurtzite structure (tetrahedral coordination)74

Diiodoargentate solvated by acetonitrile: AgIgq

[AgI(SC4HS8) )4

Mean Ag-I distance in AgI:Ag20:B203 glasses

Compound
Ag20 (linear 0-Ag-O0 chain)

Mean Ag-0 distance in Ag20:B203 glasses
B-AgNO3 (supercooled molten AgNO3)
AgClo4/AgNO3 solution (Ag is C.N. 41

2 wvater molecules coordinated to Ag

3-4 water molecules coordinated to Ag

2-fold coordination
4~-fold coordination
S-fold coordination
6-fold coordination

Compound

Ag metal

AgI2~ in acetonitrile
AgNO3

(AgBr(SCqHg) ] 4
[AGI(SCqHs) 14

B-AgNO3 (superccooled molten AgNO3)

Ag4I

Agslg?”

‘74
112
114

Reference
114
114
113
42
42
42
42
42
42
42

Reference
96

74

113

112

112

113

42

115




Table 3. Sodalite compositions.

Class A Sodalites

Sample
NaBr-sSoD
NaAgBr-sop
NaAgBr-soD
NaAgBr-sop
NaAgBr-sob
NaAgBr-sSoD
NaAgBr-sSoD
NaAgBr-sop
NaAgBr-sop
NaAgBr-SOD
NaAgBr-sop
AgBr-sop

Sample
NaBr-SOD
NaAgBr-sop
NaAgBr-sobD
NaAgBr-sop
NaAgBr-soD
NaAgBr-soD
NaAgBr-sSop
NaAgBr-sop
NaAgBr-soD
NaAgBr-Sop
NaAgBr-soD
AgBr-sob

(Chemical Analysis)

ssi
16.17
15.99
15.57
14.59
14.28
13.72
13.21
12.64
12.33
11.89
10.94
9.76

SNa
16.27
16.46
15.74
13.97
12.52
11.08
9.19
7.67
6.39
5.29
3.95
0.04

sBr
13.70
12.98
12.37
11.68
11.49
11.27
10.33
9.55
9.08
9.02
9.28
8.01

Al
15.03
14.74
14.33
13.44
13.10
12.44
11.95%
11.29
10.82
10.41
9.50
8.56

SAg
0.00
0.49
2.72
6.20

11.39

17.17

19.33

23.81

29.31

33.85

37.76

50.51

SO

38.83
39.34
39.26
40.11
37.22
34.32
35.99
35.04
32.07
29.54
28.57
23.12

Composition
Na7,.50Br1.82516.10A15,90025.7
Na7.70Ag0.05Br1,.75516.12A15,88026.4
Na7.57Ag0.28Br1.718i6.13A15,87027.1
Na7,.17Ag0.68Br1.725i6.13A15,87029.6
Nag.57Ag1.27Br1.748i6.14A15.86028.1
Nag.09Ag2.01Br1.78S1i6.17A15,.83027.1
Nas_ 25Ag2.35Br1.708i6.18A15,82029.5
Nag.61A93.05Br1.65816,22A15,758030.3
Na3,97Ag3.88Br1.625i6.27A15,.73028.6
Na3. 41Ag4.65Br1,.67816.28A15,72027.4
Na2,78Ags.66Br1.88Si6.30A15,.70028.9
Nag.03Agg8.45Br1.81816.27A15,73026.1

*30 calculated by difference.
Samples dehydrated under vacuum at 500°¢ for 1 hour.

ppmrFe Si/Al
47 1.03
48 1.04
51 1.04
52 1.04
44 1.05
45 1.06
4] 1.06
42 1.08
42 1.09
46 1.10
46 1.11
37 1.10



Table 4. Frequencies of IR framework bands of sodalites (cm'l).

Sodalite Type vag(T-0)*

NacCl-soD 981
Agcl-sop 982
NaBr-soD 986
AgBr-SOD 987
Nal-SOD 997
AgI-SOD 986

*Broad, very strong absorptions.
slightly from sample to sample.

vg (T-0)

738,
719,
733,
715,
728,
710,

713,
694,
708,
691,
701,
686,

671
654
667
650
661
646

4(0-~-T-0)

469,
461,
465,
462,
456,

437
432
434
426
431
424

d(T-0-T)
293
287
291
289
288
284

The peak position of this band varies




Table 5. ZNa resonances of sodium, silver halosodalites.

Sample Na/u.c. Ag/u.c. MAS shift (ppm) DOR shift (ppm)

Nacl-sop 8 0 =0.8 (=0.9)

NaAgCl-soD 7.9 0.1 -1.0

NaAgCl-soD 7 1 -1.1

NaAgcl-soD 4 4 -1.3 3.3

NaBr-SOD 8 0. -1.3 (-0.8)

NaAgBr-SOD 7.7 0.05 -1.5

NaAgBr-sopD 7.6 0.28 -1.5

NaAgBr-sop 7.2 0.68 -1.4 7.2, -1.8

NaAgBr-sob 6.6 1.3 =1.7

NaAgBr-sop 6.1 2.0 1.5 7.0, =-1.9

NaAgBr-sop 5.3 2.4 -1.7

NaAgBr-soD 4.6 3.1 -1.9

NaAgBr-soD 4.0 3.9 -3.3, -9.7 5.7, =-1.9

NaAgBr-soD 3.4 4.7 -3.4, -11.0

NaAgBr-soD 2.8 $.7 -3.1, =-11.7 5.7, =-1.9

NaI-SOD 8 0 -5.9, =10.1, -12.1 3.2
(-4.1, -15.5)

NaAgI-SoD 7.9 0.1 -6.7, =11.4

RaAgI-SOD 7 1 -6.8, -11.1 3.4, =3.4*

NaAgI-SOD 4 4 -12.2, -13.6 + 0.7, =3.6

Nacl (0.0)

NaBr (-1.52)

Nax (-10.1)

Notes: MAS shifts are given in ppm versus solid Nacl. They are not
corrected for quadrupolar effects. Values in parentheses are from a second
measurement on another spectrometer. DOR shifts are given in ppm versus
a dilute NaCl aqueous solution. Subtract ca. 7.9 ppm to make them
equivalent to the MAS values. Silver and sodium concentrations of the
bromide samples are from the chemical analysis and therefore do not
necessarily add up to 8 M/u.c.

* Shoulder.

Table 6. Ion charges calculated by EHMO theory.

Charge Iterations No Charge Iterations
Clultgi cl Na Ag cl Na Ag
Nagcl 0.40 0.65 -0.20 0.80
Na3ageldt  0.49 0.65 o0.55 0.22 0.82 0.32
NazAgzc%i+ 0.58 0.65 0.56 0.58 0.84 0.37
NaAg3icl 0.66 0.64 0.57 0.89 0.87 0.41



Table 7. %Overlap between atomic orbitals within a AgsCl cluster, between next
neighbours in adjacent clusters and with framework atomic orbitals.

orbital (a) Same Cluster (b) Next Cluster (c) Framework
AgSs AgSp Agdd AgSs Ag5p Agdd Al3s Al3p 8i3s 8i3p 02s 02p

Cl 3s 19 22 6 1

cl 3p 15 11 7 1 2 1

Ag Ss 6 12 3 2 6 1 19 23 14 16 11 10
Ag S5p 12 19 4 6 13 2 30 25 26 22 25 14
Ag 4d 3 4 1 1 2 3 4 6 4 5 7 6




Table 8. Bandedges of AgX-Sodalites.

Sample

AgCl-sop
AgBr-soD
AgI-SOD

(Overall)
3.83 = 0,05
3.85 = 0.05
3.7 = 0.09
3.08 £ 0.07

Bandedge (eV)
(Best)
3.78 = 0.05 if
3.79 = 0.08 it
3.77 = 0.14 ia
3.09 = 0.06 ia

(EHNO)
2.52
2.45
2.36




Table 9. Gel compositions for sodalite syntheses.

Product

Nacl-sop
NaBr-soD
NaI-soD

XAl(0%)3 ysSio2 2zNaOB vVH20 wNal,2X Salt

1 2 6 80 5 Macl
1 1 12.5 144 7.5 Wabr
1 2 6 80 S HaIl

Note: All values are given in moles, relative to 1 mole Al(OH)3.

Table 10. List of reagents for sodalite synthesis and silver exchange.

Al(OH)3:
siog:

NaoH:
H20:
Nacl:
NaBr:
Nal:
AgNO3:
NaNO3:

Fisher, 99.8%

Ludox HS-30, Ludox HS~40 (Dupont), Luddy (40%, Alchem)
(colloidal aqueous silica sources)

Mallinckrodt, 98.7%

deionized

BDH, 99.0%

Mallinckrodt, 99.0%

BDH, 99.0%

Pisher, 99.8%

Fisher, certified ACS grade




Supplementary Crystallographic Data

NaBr-soD

PA3n ap, = 8.9305(8) A pr = 17.0

Rp = 11.3

Al .| 0.2500 0.0000 0.5000

si 0.2500 0.5000 0.0000
o 0.1505(4) - | 0.4439(4) 0.1409(4)
Na 0.1867(3) 0.1867(3) 0.1867(3)

0.0000 0.0000

0.0000

Selected Bond-Distances:

Al-0: 1.734(4) A Na-0: 2.356(3) A
Si-0: 1.620(4) A Na-Br: 2.888(4) A
Closest Na-Na Separations:

Intracage: 4.72 A
Intercage: 4.74 A

Fraction

1.00

1.00
1.00
0.98

0.91

Chi2 = 6.9

0.010
0.010
0.010
0.021

0.0438




Supplementary Crystallographic Data

Nay gAgg, 3Br-sobD

PZ3n

ag = 8.9289(3) A

0.2500
0.2500

0.1519(4)
0.1901(3)
0.1429(3)
0.0000

0.0000
0.5000

0.4438(4)
0.1901(3)
0.1429(3)

0.0000

Selected Bond-Distances:

Al-OQ:
si-0:

1.735(4) A
1.626(4) A

Na-0O:
Na-Br:
Ag-0:
Ag-Br:

pr = 15.0

Cchi2 = 5.0

Rp = 10.7

Fraction |<U>2(iso)
0.5000
0.0000 1.00 0.010
0.1427(4) 1.00 0.010
0.1901(3) 0.97 0.012
0.1429(3) 0.03 0.020
0.0000 0.94 0.052
e ————————————————————

2.329(3) A
2.940(5) A

. 2.69(2) A

2.21(4) A




Supplementary Crystallographic Data

AgBr-soD
PI3n  ag, = 8.9109(4) A WRp = 13.5 Rp = 9.9 Chi2 = 2.9
Fraction <U>2(iso):
0.2500 | 0.0000 0.5000 1.00 0.010
0.2500 0.5000 0.0000 1.00 0.010
0.1456(12) 0.4438(8). 0.1393(12) 1.00 0.027
0.1730(1) 0.1730(1) 0.1730(1) 0.94 0.027
0.0000 0.0000 0.0000 0.86 0.026
e c————————————————

Selected Bond-Distances:

Al-O: 1.71(1) A Ag-0: 2.444(7) A
Si-0: 1.63(1) A Ag-Br: 2.671(2) A
Closest Ag-Ag Separations:

Intracage: 4.36 A
Intercage: 4.86 A




Supplementary Crystallographic Data

Nag, 3Ag,, 4Br-soD

PI3n  ag = 8.9123(3) A WRp = 16.3 Rp = 11.5 chi2 = 4.5
Al 0.2500 0.0000 0.5000 1.00 0.010 |
si 0.2500 -0.5000 0.0000 1.00 0.010

0 0.1452(7) 0.4533(6) 0.1386(7) 1.00 0.010
Na 0.1912(5) 0.1912(5) 0.1912(5) 0.70 0.012
Ag 0.1632(4) 0.1632(4) 0.1632(4) 0.30 0.020
Br | 0.0000 0.0000 0.0000 0.95 0.050

Selected Bond-Distances:

Al-O:
si-0:

1.684(8) A
1.603(8) A

Na-0:
Na-Br:
Ag-0:
Ag-Br:

2.418(5) A
2.951(8) A
2.600(6) A
2.519(5) A




NagBrg, 26(]1.74-SOD

PZ3n

ap = 8.9615(1) A

0.2500

© 0.1504(3)

0.1779(3)
0.0000

0.3882(5)

0.0000

Supplementary Crystallographic Data

0.5000
0.4469(3)
0.1779(3)
0.0000

0.3882(5)

Selected Bond-Distanées:

Al-0(1):
s$i-0(1):

1.728(2) A
1.623(3) A

Na-0(1l):
Na-Br:

Closest Na-Na Separations:

Intracage:
Intercage:

4.51 A
4.84 A

pr =

10.6

0.5000
0.0000
0.1417(3)
0.1779(3)
0.0000
0.3882(5)

Fraction

1.00
1.00
1.00
0.68

0.13

2.445(3) A
2.762(4) A

chi2 = 3.4

<U>2 (iso)

0.017
0.026
0.010




Supplementary Crystallographic Data

AggBrg, 26[11.74-SOD

PI3n a, = 8.9566(2) A VRp = 10.2 Rp = 7.7  Chi2 = 2.2
A1 | 0.2500 | o0.0000 0.5000 1.00 0.010
si | o0.2500 0.5000 0.0000 1.00 0.010
o(1)| 0.1386(9)- | 0.4424(6) | 0.1323(9) 1.00 0.016
Ag | o0.1805(2) | o0.1805(2) | o0.1805(2) 0.58 0.033
Br | 0.0000 0.0000 0.0000 0.10 0.035
0.3455(9) | 0.3455(9) | 0.3455(9) 1.00 0.010 I
i LA Bt S A Witk SO

Selected Bond-Distances:

Al-0(1): 1.71(1) A Ag-0(1): 2.414(5) A
si-o(1): 1.63(1) A Ag-Br: 2.800(3) A
Closest Ag-Ag Separations:

Intracage: 4.57 A
Intercage: 4.81 A




Supplementary Crystallographic Data

AggBrg.46(11.54-S0D

PZ3n ag = 8.9542(2) A

al 0.2500

si 0.2500
o(1)| 0.1443(11)
Ag 0.1730(2)

Br 0.0000

0.3096(7)

0.0000
0.5000
0.4476(6)
0.1730(2)
0.0000

0.3096(7)

Selected Bond-Distances:

Al-0(1): 1.69(1) A
si-0(1): 1.65(1) A

pr = 10.0

Rp = 7.5 Chi? = 2.2
0.5000 1.00 0.010 |
0.0000 1.00 0.010
0.1410(11) 1.00 0.015
0.1730(2) 0.57 0.023

0.0000 0.20 0.021

0.3096(7)

Ag-0(1l): 2.489(5) A

Ag-Br:

Closest Ag-Ag Separations:

Intracage: 4.38 A
Intercage: 4.88 A

2.683(3) A




Supplementary Crystallographic Data

Ag8Brl.18(]10.82-S0D

PT3n

0.2500

si 0.2500
0(1)| 0.1457(12)
Ag 0.1738(2)
Br 0.0000

0.358(3)

ag = 8.9306(2) A

Selected Bond-Distances:

Al-O(1l):
§$i~0(1):

1.74(1) A
1.65(1) A

Closest Ag-Ag Separations:

4.39 A
4.86 A

Intracage:
Intercage:

Ag=-0(1):
Ag=-Br:

2.379(7) A
2.689(2) A

WRp = 11.5 Rp = 7.7 chi2 = 3.0
y z Fraction |<u>2(iso)

0.0000 0.5000 1.00 0.010
0.5000 0.0000 1.00 0.010
0.4363(8) 0.1379(11) 1.00 0.018
0.1738(2) 0.1738(2) 0.85 0.027
0.0000 0.0000 0.54 0.010
0.358(3) 0.358(3) 0.33 0.030

el e——————————————————————— et
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